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Rinderpest virus (RPV) is a morbillivirus that causes a highly contagious disease affecting members of the order Artiodactyla. The viral L
protein is the catalytic subunit of the RNA-dependent RNA polymerase. To search for host cell proteins with which L interacts, a library
screen was performed using the yeast two-hybrid system. Several host cell proteins were recovered from the library screen as putative
L-interactors; one of these was identified as striatin. A direct interaction between RPV L and striatin was confirmed using both co-
immunoprecipitation assays and co-localisation studies using confocal microscopy. Striatin was also shown to co-localise with the RPV
L protein in infected cells. The L proteins of morbilliviruses consist of three long highly conserved domains separated by short
unconserved stretches of amino acids. The L domain with which striatin interacts was investigated by co-immunoprecipitation and
striatin was shown to interact primarily with the central conserved domain.
D 2004 Elsevier Inc. All rights reserved.
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Rinderpest is a highly contagious disease of ancient
Asiatic origin that affects even-toed ungulates of the order
Artiodactyla, most commonly cattle and buffalo. The
disease is currently targeted for global eradication by 2010
(Anderson et al., 1996; Reid, 1981). If this goal is achieved,
then it will be the first time that an animal disease will have
been eliminated worldwide and, after smallpox, the second
disease eradicated in history. The causative agent of this
economically important disease is Rinderpest virus (RPV).
RPV, which is closely related to the human Measles virus
(MeV), is a member of the genus Morbillivirus, family
Paramyxoviridae in the order Mononegavirales (Pringle,
1991; Schneemann et al., 1995).0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2004.11.020
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GA 30333, USA.The RNA-dependent RNA polymerase of monopartite
negative-strand RNA viruses, such as RPV, consists of two
virus-encoded subunits, the phosphoprotein (P) and the
large (L) protein, the latter being the largest of the virus-
encoded proteins. The paramyxovirus L protein is approx-
imately 240 kDa in size and is the least abundant component
in the viral nucleocapsid, with approximately 50 copies per
virion (Lamb et al., 1976), correlating with the fact that it is
encoded by the gene most distal from the viral genome
promoter. The L protein is thought to act as a multifunc-
tional enzyme, responsible for all catalytic activities
necessary for viral RNA synthesis (Horikami et al., 1994),
including initiation, elongation, termination, capping, meth-
ylation, and polyadenylation. Studies with the rhabdovirus
Vesicular stomatitis virus (VSV) and the respirovirus Sendai
virus (SeV) have confirmed that polyadenylation, methyl-
transferase, capping and kinase activities are associated with
the L protein (Einberger et al., 1990; Gupta et al., 2002;
Hammond et al., 1992; Hercyk et al., 1988; Horikami and
Moyer, 1982; Hunt and Hutchinson, 1993). Formation of a
complex between L and P is vital for these processes05) 225–234
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methyltransferase domain has recently been identified in
the L protein of all mononegavirales (Bujnicki and
Rychlewski, 2002; Ferron et al., 2002).
Building on previous observations (Barik et al., 1990;
Feldhaus and Lesnaw, 1988), a sequence alignment and
comparison study of L proteins of five monopartite
negative-strand RNA viruses within the paramyxovirus
and rhabdovirus families revealed highly conserved amino
acids clustered into six domains along the length of L,
joined by variable regions (Poch et al., 1990). The
enzymatic functions of the polymerase are thought to be
located within the conserved domains of L, thereby
resembling a bchain of enzymesQ. McIlhatton et al. (1997)
examined the sequences of the L proteins of morbilliviruses
and noted that, for this genus, there were in fact only two
small regions of poorly conserved sequence along the whole
length of L, which separated three highly conserved
domains. These two regions were referred to as bhingesQ
and, like the variable regions located between Poch’s six
domains, were thought to be flexible and enable optimal
cooperation between the conserved domains.
In addition to the viral proteins, several host cell proteins
have been shown to be required for activity of polymerases
of paramyxoviruses or rhabdoviruses. MeV, SeV, and VSV
(New Jersey strain) have all been shown to require the host
cell protein tubulin for viral RNA synthesis (Moyer et al.,
1986, 1990). While both MeV L and VSV L have been
shown to interact directly with tubulin, no such interaction
was observed in similar studies using SeV L (Moyer et al.,
1990). Actin is known to be required for the transcription of
not only Human parainfluenza virus 3 (hPIV-3) (De et al.,
1993), but also Human respiratory syncytial virus (RSV)
(Burke et al., 1998). More recent work with RSV has
demonstrated that another host cellular protein, profilin, is
required for the optimal transcription of RSV (Burke et al.,
2000), but this function of profilin required the presence of
actin.
In addition to binding tubulin, the L protein of the
prototype of nonsegmented negative strand RNA viruses,
VSV, has recently been found to bind other host cell
proteins including translation elongation factor-1a, an
association that is required for its activity (Das et al.,
1998) and heat shock protein 60 [Qanungo, 2004 #370]. In
addition, VSV L protein appears to bind host cell guanylyl
transferase (Gupta et al., 2002). The presence or absence of
these proteins appears to differentiate mRNA transcribing
forms from genome replicating forms of the virus polymer-
ase [Qanungo, 2004 #370].
In addition to interactions of host cell proteins with the L
subunit of the polymerase, direct binding of the dynein light
chain to the P subunit has been shown in rabies virus
[Poisson, 2001 #303] and of heat shock protein 72 to the
nucleocapsid protein of MeV [Zhang, 2002 #369]. As we
are interested in the interactions of RPV with its host cell,
we wish to investigate whether any of the proteins of theviral replication complex (viral ribonucleoprotein) interact
specifically with host cell proteins. We have used the yeast
two-hybrid system (Y2HS) to identify novel protein binding
partners of the L protein and confirmed that interaction by a
variety of methods.Results
Yeast two-hybrid system library screen
To enable the identification of novel host cell proteins
that interact with the L protein of RPV, the yeast two-hybrid
system (Fields and Song, 1989) was utilised. RPV is
primarily a lymphotropic virus, infecting particularly cells
of the macrophage/monocyte lineage (Rey Nores and
McCullough, 1997). Since we had access to a well-
characterised porcine macrophage cDNA library in a yeast
two-hybrid vector and, although rinderpest is mainly
thought of as a disease of bovines, it can productively
infect domestic pigs (Govindarajan et al., 1996) and causes
disease in warthogs and bush pigs in the wild (Anderson et
al., 1996), a large-scale library screen was performed using
this library and RPV L as the bbaitQ protein. Positive clones
were selected by growth in the absence of histidine, and
confirmed using two further interaction indicators, growth
in the absence of adenine and expression of h-galactosidase.
Several putative L interactors were recovered from this
library screen. The library plasmids were recovered and put
back into the yeast along with the L bait construct to
confirm an interaction with L. The specificity of the isolated
interaction was also confirmed by co-transforming the yeast
with the recovered library plasmid and a bait construct
containing a control gene (RPV C). Three of the recovered
plasmids showed a strong interaction with L, but not with
the C protein.
Identification of striatin
Each of these three recovered plasmids were then
sequenced for identification purposes and the nucleotide
sequences were submitted to an NCBI BLAST search to
identify the putative L interacting partner. Only one of the
constructs matched a known protein; the protein expressed
from this clone was shown to be 92% similar to the amino
terminus of the human and rat striatin proteins (Fig. 1). The
interaction between L and striatin was further characterised
by two additional techniques, co-immunoprecipitation and
confocal microscopy.
Full-length L co-immunoprecipitates GST/striatin
To be sure that the observed interaction with the L
protein was not an artefact of the yeast system, or the result
of aberrant folding of the short section of striatin encoded by
the cDNA insert, we obtained a full-length clone of striatin
Fig. 2. Co-immunoprecipitation of GST/striatin with HA-L. A549 cells
were infected with vTF7-3 and transfected with the indicated constructs;
1 day post transfection, cells were labelled with [35S] amino acids for 1 h
and lysed with 1% NP40. Samples of lysates were immunoextracted with
1 Al of the indicated antibody and immunoprecipitated proteins were ana-
lysed on an 8% acrylamide SDS-PAGE gel and visualised by fluorography.
Fig. 1. Identification of binding partner of RPV L. The open reading frame expressed in the GAL4 fusion protein encoded by the cDNA library plasmid isolated
from clone Y35 is shown aligned with the sequences of human and rat striatins. The end of the cDNA insert is marked (*).
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INSERM, Marseilles). The striatin open reading frame
(ORF) was removed from this plasmid and ligated down-
stream of and in frame with the glutathione-S-transferase
(GST) ORF under the control of a T7 RNA polymerase
promoter (as described in Materials and methods). This
GST/striatin construct enabled us to identify and immuno-
precipitate striatin without the risk of competition between a
striatin-specific antibody and a striatin-binding protein; GST
was chosen as a way to detect the striatin protein as it had
been previously shown that full-length L does not interact
with GST (Sweetman et al., 2001). Expression of striatin
from the resulting construct, pGST/striatin, was verified by
immunofluorescence (data not shown). The RPV L protein
ORF was similarly placed downstream of the coding
sequence of the HA epitope tag (pcDNA/HAL) to enable
us to immunoprecipitate the L protein directly and to
identify it in immunofluorescence studies. We knew that this
amino-terminal tag had no detectable effect on L protein
function as we made a full-length RPV genome construct
that contained an identically situated HA tag (pMDBKO-
HR-HAL) and rescued virus (KO-HR-HAL), which was
indistinguishable from the parent virus in growth in cell
culture.
Using A549 cells, pGST/striatin and pcDNA/HAL were
transfected either singly or together, in duplicate, and the
proteins expressed using the vaccinia T7/T7 expression
system. GST/striatin was shown to co-immunoprecipitate
full-length L, albeit with low efficiency (Fig. 2). We could
not show HA-L co-immunoprecipitating full-length GST/
striatin, possibly due to the presence of background bands
migrating at the same location as GST/striatin in cells
transfected with pcDNA/HAL and immunoextracted with
rat anti-HA antibody (probably partial translation products
of the HA-L mRNA). However, these data showed that the
interaction of L and striatin is genuine (and not an artefact
of the yeast system) and is at least stable enough to
survive co-immunoprecipitation.L and striatin co-localise in transfected cells
To further characterise and confirm the interaction of
RPV L with striatin, we studied the co-localisation of the
two proteins in transiently transfected cells. GST/striatin and
HA-L were expressed either singly or together in A549 cells
using the vaccinia T7/T7 expression system. When cells
were transfected with pcDNA/HAL alone, a cytoplasmic
distribution of the protein was seen, with aggregates of L
forming in the cytoplasm and perinuclear regions of the cell
(Figs. 3A–C). When pGST was transfected alone, GST was
found to be distributed throughout the cell, with low levels
of protein expressed in the nucleus (Figs. 3D–F); however,
the GST/striatin fusion protein was found in vesicular
structures throughout the cytoplasm, and not in the nucleus
(Figs. 3G–I). When the RPV L and GST/striatin proteins
were co-transfected, the expression of both proteins was
reduced in the majority of transfected cells (as also seen in
the immunoprecipitation studies; Fig. 2). In some of these
cells, co-localisation of the two proteins could not be
visualised as both proteins appeared to be distributed
diffusely in the cytoplasm. However, in cells with higher
levels of expressed protein (possibly due to uptake of
Fig. 3. Immunofluorescence microscopy of cells singly transfected with pcDNA/HAL (A, B, C), pGST (D, E, F), or pGST/striatin (G, H, I), or double
transfected with pcDNA/HAL plus either pGST (J, K, L) or pGST/striatin (M, N, O). A549 cells were infected with vTF7-3 and transfected with the indicated
plasmids. One day post transfection, cells were fixed, permeabilised, and stained with antibodies as described in Materials and methods. Cells were reacted with
rat anti-HA (A, D, G, J, M) and rabbit anti-GST (B, E, H, K, N). The nuclear staining (DAPI) is shown in each case and overlay of the two antibody signals is
shown in the third column (C, F, I, L, O).
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accumulations of L could again be seen, and GST/striatin
clearly co-localised with L under these conditions (Figs.
3M–O). Accumulation of GST/striatin in such bodies wasonly seen in cells in which it was co-expressed with RPV L.
When GST and L were co-expressed, there was no alteration
of the cellular distribution of either protein and no evidence
of co-localisation was seen (Figs. 3J–L). Identical results
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(not shown).
Striatin co-localises with RPV L protein in RPV-infected
cells
Although striatin was originally identified as a compo-
nent of neurons (Castets et al., 1996), it has been found in
a number of other tissues and in cultured cells (Bartoli et
al., 1998; Castets et al., 2000; Moqrich et al., 1998;
Moreno et al., 2000). Immunoblot analysis on total A549
cells confirmed the presence of detectable amounts of
striatin in these cells (not shown). We prepared a
recombinant RPV (KO-HR-HAL) based on a clone of a
wild-type RPV strain [Kabete dOT (KO)] in which the L
protein bears the amino-terminal HA tag; the H gene in the
construct used here is derived from the tissue-culture-
adapted vaccine strain of RPV as this enables the virus to
enter fibroblast-type cell lines (MDB, unpublished). The
infected cells were stained with anti-HA and anti-striatin
(the kind gift of Dr. David Pallas). Sequential scanning
confocal microscopy showed clear co-localisation of
cellular striatin with viral L protein (Fig. 4). Although
the L protein in infected cells is found in complexes with
the viral N, P, and C proteins (Sweetman et al., 2001), the
direct association between striatin and L seen in the other
experiments suggests that the relocalisation of cellular
striatin to these complexes of viral proteins is due to its
interaction with the L protein.
Striatin interacts with the central conserved domain of L
As previously mentioned, the L proteins of morbilli-
viruses consist of two short regions of poorly conserved
sequence (originally termed bhingesQ), which separate three
large highly conserved domains (McIlhatton et al., 1997).
To determine with which of these three domains striatin
interacts, three expression constructs were generated, each
of which contained one of the L domains; since it is not
known exactly where the structural boundaries are between
the putative hinge regions and the conserved domains, each
domain was expressed with its adjacent nonconservedFig. 4. Immunolocalisation of L and striatin in RPV-infected cells. A549 cells were
KO-HR-HAL. The cells were fixed 1 day post infection, permeabilised and staine
with rat anti-HA (A) and rabbit anti-striatin (B). The nuclear staining (DAPI) is sregions. The insert in pcDNA/HAL1 consists of the first
conserved domain of L in addition to the first of the two
bhingeQ regions; pcDNA/HAL2 contains the central con-
served domain of L in addition to both of the two bhingeQ
regions and pcDNA/HAL3 contains the second of the two
bhingeQ regions followed by the third conserved domain of
L (Fig. 5a). Each L fragment was, in addition, fused to the
HA-tag at the amino terminus of the L coding sequence to
enable the expressed proteins to be identified. These
constructs are illustrated in Fig. 5a.
Each of the three L domain constructs was co-expressed
with GST/striatin. Immunoprecipitated GST/striatin was
found to co-immunoprecipitate HA-L2 clearly (Fig. 5b);
as with the entire L protein, the recovery of the co-
precipitated protein was inefficient. There was also weak but
reproducible co-immunoprecipitation of HA-L3 with GST/
striatin (Fig. 5b). HA-L1 was not found to bind to GST/
striatin. Control experiments demonstrated that none of the
three L domains interacted with GST alone (data not
shown). These data indicate that the binding site of striatin
on L is located somewhere in the second conserved domain
of the L protein, possibly including some or all of the
second bhingeQ region, since this sequence was present in
both L2 and L3. Our attempts to co-precipitate GST/striatin
via the HA-tagged L domains were unsuccessful (discussed
below).Discussion
Using the yeast two-hybrid system, an interaction
between the RPV L protein and the host cell protein,
striatin, was identified. We found clear concentration of
cellular striatin with L (and other viral proteins) in RPV-
infected cells, showing that the interaction of these two
proteins is probably of biological significance. We have
previously found that the RPV L protein in infected cells
co-localises in complexes with the viral N, P, and C
proteins (Sweetman et al., 2001), so these results alone do
not show a direct striatin-L interaction. However, the co-
localisation of the two proteins in the transient expression
experiments, coupled with the co-immunoprecipitationplated on glass coverslips and infected at low m.o.i. with recombinant RPV
d with antibodies as described in Materials and methods. Cells were reacted
hown in each case and overlay of the two antibody signals is shown in C.
Fig. 5. Co-immunoprecipitations of GST/striatin with L domain constructs.
(a) Diagrammatic representation of the three L domain constructs prepared
for co-immunoprecipitation studies. The two regions of poor sequence
identity (bhingeQ regions), which separate the three highly conserved
domains along the length of the L protein, are shown, along with the
domains and bhingesQ included in each construct. The coding sequence of
each section of L was fused to that of the HA epitope tag, as described in
text, in the pcDNA expression vector. (b) A549 cells were infected with
vTF7-3 and transfected with the desired constructs (as indicated); 1 day
post transfection, cells were labelled with [35S] amino acids for 1 h and
lysed with 1% NP40. Samples of lysates were immunoextracted with the
indicated antibody and immunoprecipitated proteins were analysed on 8%
acrylamide SDS-PAGE gels and visualised by fluorography (middle
sections of gels omitted).
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infected cells is due to its interaction with the viral L
protein.
It is not clear why the expression levels of L and GST/
striatin were reduced in double-transfected cells; this may
have been an artefact of the interaction of the two plasmids,
or the interaction of the two proteins may have led to an
increased degradation rate. When two proteins are found
distributed evenly in the cytoplasm, it would not be possible
to detect physical interaction as co-localisation. However,
when the L protein was incorporated into the perinuclear
structures or aggregates seen in singly transfected cells, it
caused the relocalisation of the striatin fusion protein to thesame structures. That this was due to the striatin moiety was
shown by the controls included in the experiments; GST
itself was unaffected by co-expression with L, and the
results observed were not a consequence of the vaccinia
expression system used as GST/striatin was not observed in
these structures unless L was also present.
The co-immunoprecipitation of L and striatin was clear
and reproducible, but not highly efficient. This may indicate
a relatively low affinity or transient interaction between
these two proteins, leading to loss of some of the co-
immunoprecipitating partner during the process of collect-
ing and washing the immunoprecipitated protein. This
hypothesis is supported by the observations in infected
cells, where only a fraction of cellular striatin was found
associated with the viral proteins. The binding is strong
enough to enable us to demonstrate that striatin interacts
primarily with the central conserved domain of the L
protein, well away from the binding sites for P, C, and Vand
the L–L dimerisation domain, which lie in the amino-
terminal half of the L protein (Sleeman and Baron, MS in
preparation). We were consistently unable to show co-
immunoprecipitation of GST/striatin or striatin with HA-
tagged L or L fragments. Further experiments with the HA-
tagged proteins have shown that this appears to be a
property of the HA tag/anti-HA antibody system in our
hands, since we can show association of HA-L or L
fragments with other viral proteins such as P, C, or V by
precipitating with anti-P, C, or V respectively, but not
precipitation of P, C, or V associated with anti-HA
precipitated HA-L (Sleeman and Baron, unpublished). It is
possible that the antibody binding to the amino terminus of
L or an L fragment is disrupting some element of secondary
structure.
As far as we are aware, this is the first described
interaction of a viral protein with striatin. To date, little is
known about striatin. However, it is known to be a highly
conserved intracellular protein of 780 amino acids (86,225
kDa), belonging to the family of WD-repeat proteins
(Castets et al., 1996; Moqrich et al., 1998). The large
family of WD-repeat proteins constitutes a group of proteins
that are regulatory in function and specific to eukaryotes
(Neer et al., 1994). WD proteins are called as such because
they consist of between four and eight copies of a highly
conserved unit—the WD-repeat—which is commonly
found to start with the amino acids Gly-His (GH), followed
by a core that varies in length from 23 amino acids to 41
amino acids and ends with the amino acids Trp-Asp (WD),
each WD-repeat being separated by short variable sequences
(Neer et al., 1994).
Striatin is known to be expressed strongly in the CNS,
with the brain striatum being the richest source of this
protein (Castets et al., 1996), although striatin has also been
found in kidney and placenta samples (Moqrich et al.,
1998), in addition to the lungs and spleen (Castets et al.,
2000). Striatin has been demonstrated, by subcellular
fractionation, to be a mostly membrane-associated protein
K. Sleeman, M.D. Baron / Virology 332 (2005) 225–234 231(Castets et al., 1996). Striatin is known to bind calmodulin
in a calcium-dependent manner and was the first WD-repeat
protein identified to bind calmodulin (Castets et al., 1996).
This interaction is known to be mediated by amino acids
149 to 166 of striatin, revealing that it is not the WD-repeats
of this protein that are necessary for this interaction (Bartoli
et al., 1998). It is thought that striatin acts as both a calcium-
dependent signalling protein and as a scaffolding protein
(Bartoli et al., 1998; Castets et al., 1996, 2000). Striatin is
known to interact with phocein/mMOB1, a protein that is
thought to play a role in membrane traffic and membrane
budding reactions (Baillat et al., 2002; Moreno et al., 2001)
and with caveolin-1, an integral membrane protein that is a
main component of caveolae, the specialised domains of
rafts (Gaillard et al., 2001). Furthermore, striatin is known to
associate with protein phosphatase 2A (PP2A), a vital
serine/threonine protein phosphatase found in all eukaryotic
cells (Moreno et al., 2000). It has been proposed that striatin
may interact with PP2A and mMOB1 to regulate inter-
actions of, or reorganise, the cytoskeleton and membrane
structures (Moreno et al., 2001). Although the precise
function of striatin remains unknown, the fact that its
sequence is conserved throughout the animal kingdom, even
in Drosophila and Caenorhabditis elegans, suggests that the
function of striatin is primitive and well-conserved (Moq-
rich et al., 1998).
From the information available, it is possible to postulate
the role(s) that an L-striatin interaction has in the viral life
cycle. L may interact with striatin when it is complexed with
phocein, in order to bpiggy backQ a ride from the cytoplasm
to the cell membrane where viral assembly may then occur.
The striatin may then dissociate from its complex with
phocein and form a new association with caveolin-1 as a
mechanism with which to anchor itself onto the membrane
structure. MeV is already known to assemble on lipid rafts
and it is known that the F glycoprotein is targeted to lipid
rafts independently of the other viral proteins (Manie et al.,
2000; Vincent et al., 2000). Furthermore, the pneumovirus
RSV assembles on the host cell surface membrane in areas
rich with caveolin-1, which is known to be incorporated into
mature RSV particles during virus assembly; however,
caveolin-1 was found not to associate with the viral
nucleocapsids (Brown et al., 2002a, 2002b; McCurdy and
Graham, 2003). This may indicate the presence of interme-
diary proteins that act as a bridge between RSV proteins and
caveolin-1.
Another interesting possibility is that L may be interact-
ing with striatin in order to regulate the activity of PP2A or
bring PP2A into association with nucleocapsids. Phosphor-
ylation of the RPV P protein by casein kinase II (CK2) has
been shown to regulate polymerase activity (Kaushik and
Shaila, 2004) and PP2A may function to dephosphorylate
RPV P, thereby regulating the levels of RNA synthesis. In
addition, PP2A and CK2 form self-regulating complexes in
cells (He´riche´ et al., 1997), so binding of PP2A, via striatin,
by the L protein may bring both the kinase and phosphataserequired for dynamic regulation of transcription/replication
into close proximity to the P protein.
Studies now need to be carried out to confirm this novel
interaction in infected cells. Interestingly, preliminary
experiments showed that COS cells transfected with a
striatin expression construct appear to be resistant to RPV
infection, suggesting that only the small amount of striatin
present in normal cells is required for viral replication, and
too much striatin is inhibitory. To further elucidate the role
of this interaction in the viral life cycle experiments now
need to be conducted to investigate the effect that the
disruption of this interaction may have on the infectivity and
replication rate of RPV.Materials and methods
Yeast two-hybrid system analysis
The open reading frame encoding the L protein of RPV
was inserted into the pAS2 expression vector (pAS2/L), as
described previously (Sweetman et al., 2001). AH109 yeast
cells (James et al., 1996) were co-transformed with pAS2/L
and a porcine macrophage cDNA library (Miskin et al.,
1998), a generous gift from Dr. L. Dixon (Department of
Molecular Biology, Institute for Animal Health, Ash Road,
Pirbright, Surrey GU24 0NF, UK). Clones expressing
interacting proteins were selected by HIS3, ADE2, and
lacZ reporter assays, by growth in the absence of histidine
or adenine and by h-galactosidase assays (as described in
James et al., 1996; Sweetman et al., 2001). Isolated
plasmids from positive colonies were put back into the
yeast two-hybrid system to confirm an interaction with L by
retransformation of AH109 cells.
Sequence analysis
Sequence reactions were performed using the bCEQ 8000
Dye Terminator Cycle Sequencing with Quick Start kitQ
according to the manufacturer’s protocol (Beckman Coulter).
Reactions were analysed on a CEQ 8000 Capillary sequencer,
using the Beckman Coulter software for base calling.
Molecular biology techniques
Standard DNA manipulations were performed according
to methods found in Sambrook and Russell (2001, third
edition). All plasmids were cloned and prepared using E.
coli strain DH5a cells and purified using CsCl gradients.
For confirmation purposes, all constructs were sequenced at
the 5Vand 3Vends of the inserted coding region.
pcDNA/HAL
The L coding region was obtained from pGempol (Baron
and Barrett, 1997) by digestion with Eco52I and inserted
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modified plasmid was derived from pcDNA/HA/Nac, which
was kindly provided by L. Goatley (Department of
Molecular Biology, Institute for Animal Health, Ash Road,
Pirbright, Surrey GU24 0NF, UK). This plasmid contains
the coding sequence of the HA epitope tag immediately
upstream of and in frame with that of alpha-NAC. Prior to
the insertion of RPV L, the plasmid was digested with
EcoRI and XhoI to remove the coding sequence for the
NAC protein, and a NotI site was reintroduced using a set of
specifically designed overlapping primers (HAins1 5V-
AATTCGATATCGCGGCCGC-3V and HAins2 5V-
TCGAGCGGCCGCGATATCG-3V), creating pcDNA/HA/
Not, into which the L sequence was inserted. This resulted
in a construct that would express an RPV L protein with an
HA tag at the amino terminus.
pcDNA/HAL domain constructs
Each of the three domains was amplified by PCR from
pcDNA/HAL using Pfu polymerase. The coding region for
L1 was amplified using the primers HAL1start (5V-
ATATGCGGCCGCCATGGACTCCCTCTCAGT-3V) and
HAL1end (5V-TTATGTCGACTCATATCTGATCGGGGC-
CAC-3V). The coding region for L2 using the primers
HAL2star t (5V-ATATGCGGCCGCTGCTAAGAC-
TTTCTCCTCCAAG-3V) and HAL2 end (5V-ATATGTC-
GACTCAATTGCTTATGTGCATATCAG-3V), the coding
region for L3 using the primers HAL3start (5V-
ATATGCGGCCGCTCTAACTGTAACAGATCC-3V) and L
end (5V-TCTCGCGGCCGCCAGTTGCAGAATCACTCC-
3V). pcDNA/HAL1 encompasses the first 1950 bp of L,
pcDNA/HAL2 covers bases 1820–5152 of L and pcDNA/
HAL3 spans bases 5084–6610 of L. Each of the resulting
inserts was then cloned into pcDNA/HA/Not (NotI/XhoI
cut). Thus, each domain was HA-tagged at the amino
terminus of the inserted region of the L protein.
pGST/striatin
pSVLHAstriatin, expressing full-length striatin, was
the kind gift of Dr. Francis Castets (FRE 9041, CNRS,
31 Chemin Joseph Aiguier, Universite´ de la Me´diterra-
ne´e, Marseilles, 13402 Marseilles Cedex 20, France).
pSVLHAStriatin was digested with NcoI and BamHI to
produce a full-length striatin coding sequence. This was
then ligated into a pGST backbone, which was generated by
removing the coding sequence for V from pGST/V (Sweet-
man et al., 2001) with NcoI and BamHI. This resulted in a
construct, pGST/striatin, which expresses striatin fused at
the amino terminus to GST.
pMDBKO-HAL and pMDBKOHR-HAL
The construction of plasmid pMDBKO, containing the
entire sequence of the virulent KO strain of RPV (Baron etal., 1996) in plasmid pMDB1 (Baron and Barrett, 1997),
and the variant in which the H gene sequence is derived
from the RBOK vaccine strain (pMDBKO-HR) has been
submitted elsewhere. To enable us to rescue virus in which
the L protein contained an amino-terminal HA dtagT
sequence, two oligos were synthesised, which, when
annealed, formed a DNA fragment encoding the tag
sequence with NcoI compatible sticky ends. These were
HAINS3 (5V-CATGTCTTACCCATATGATGTTCCAGAT-
TACGCTGC-3V) and HAINS4 (5V-CATGGCAGCG-
TAATCTGGAACATCATATGGGTAAGA-3V). This DNA
was then ligated (through two steps) into the natural NcoI
site at the start codon of the RPV L protein in pMDBKO-
HR to give pMDBKO-HR-HAL.
Cells
Human lung carcinoma cells (A549 cells), obtained from
the laboratory of Prof Sue Moyer, University of Florida,
were maintained in Dulbecco’s modified Eagle’s medium
containing 5% fetal calf serum. B95a cells (an Epstein–Barr
virus transformed tamarin lymphoblastoid line) were used
for virus rescue and propagation, and maintained in RPMI
1640 medium containing 10% fetal calf serum.
Virus recovery from cDNA clones
Recombinant RPV was rescued by a modification
(published in detail elsewhere) of our previous protocol
(Das et al., 2000). Briefly, the plasmid containing the full-
length genome was transfected, with plasmids encoding the
viral N, P, and L proteins, into B95a cells that had been
infected with vaccinia vTF7-3 (Fuerst et al., 1986) at a
multiplicity of infection (m.o.i.) of approximately 0.1. RPV-
induced cytopathic effect was usually visible after 2 days.
Recombinant viruses were amplified twice in B95a cells to
prepare working stocks.
Antibodies
MB38—a rabbit polyclonal antiserum recognising GST
(and RPV C protein)—has been described previously
(Sweetman et al., 2001). Monoclonal rat anti-HA antibody
was obtained from Roche. Rabbit polyclonal antiserum
against striatin was the kind gift of Dr. David Pallas, Emory
University, Atlanta, GA, USA.
Co-immunoprecipitations
A549 cells were infected with vTF7-3 and transfected
with the desired plasmid constructs using Lipofectin
(Invitrogen) according to the manufacturer’s instructions.
Radiolabelling and immunoprecipitation were performed as
previously published (Baron and Barrett, 2000), except that
cells were lysed using normal salt lysis buffer [50 mM Tris/
Cl pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% (v/v) Nonidet
K. Sleeman, M.D. Baron / Virology 332 (2005) 225–234 233P-40, 2.5 mM iodoacetamide] containing protease inhibitor
cocktail set III (Calbiochem) at a final dilution of 1/200.
Each lysate supernatant was immunoextracted with 1 Al of
the appropriate antibody overnight at 4 8C, with rotation.
Proteins were separated by SDS-PAGE and visualised by
fluorography using salicylic acid (Chamberlain, 1979).
Immunofluorescence
For transient expression, A549 cells were plated on glass
coverslips; 24 h later, they were infected with vTF7-3 and
transfected with the desired plasmid constructs using Lipo-
fectin (Invitrogen) according to the manufacturer’s instruc-
tions. One day post transfection, cells were fixed with 3%
paraformaldehyde in PBS and permeabilised with 0.5%
Triton X-100 in PBS for 5 min. For studies on infected cells,
A549 cells were plated on glass coverslips and infected for 1
h at a m.o.i. of approximately 0.02. Cells were fixed and
permeabilised as above after overnight culture at 37 8C. The
L protein was detected using rat anti-HA antibody (Roche)
diluted 1:300, followed by Alexa Fluor 488 anti-rat IgG
(Molecular Probes) diluted 1:200. GST/striatin was detected
using MB38 diluted 1:400, and cellular striatin was detected
with rabbit anti-striatin RK16 diluted 1:200; in each case,
the primary antibody was visualised with Alexa Fluor 568
anti-rabbit IgG (Molecular Probes) diluted 1:200. Cell
nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI stain). Cells were imaged on a Leica TCS NT
confocal microscope using sequential scanning. The resul-
tant TIFF files were resized and colour overlays prepared
with Adobe Photoshop.Acknowledgments
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